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We  report  a skeleton  key  platform  for  surface  enhanced  Raman  spectroscopy  (SERS)  based  biosensor,
utilizing  ordered  arrays  of  Si  nanopillars  (SiNPLs)  with  plasmonic  silver  nanoparticles  (AgNPs).  The opti-
mized  SiNPLs  based  SERS  (SiNPLs-SERS)  sensor  exhibited  high  enhancement  factor  (EF)  of 2.4  ×  108 for
thiophenol  with  sensitivity  down  to 10−13 M of R6G  molecules.  The  ordered  array  of SiNPLs  stabilizes
the  distribution  of  AgNPs  along  with  the  light  trapping  properties,  which  resulted  in high  EF and  excel-
lent  reproducibility.  The  uniformity  in  the  arrangement  of  AgNPs  makes  a single  SiNPLs-SERS  substrate
to  work  for all  types  of  biomolecules  such  as positively  and  negatively  charged  proteins,  hydrophobicurface enhanced Raman spectroscopy
lasmonics
iomolecule sensing
DTD
proteins,  cells  and  dyes,  etc.  The  experiments  conducted  on differently  charged  proteins,  amyloid  beta
(the  protein  responsible  for  alzheimers),  E.  coli cells,  healthy  and  malaria  infected  RBCs  provide  a proof  of
concept  for  employing  universal  SiNPLs-SERS  substrate  for trace  biomolecule  detection.  The FDTD  simu-
lations  substantiate  the  superior  performance  of the  sensor  achieved  by  the  tremendous  increase  in  the
hotspot distribution  compared  to the  bare  Si sensor.
© 2017  Elsevier  B.V.  All  rights  reserved.. Introduction
Surface enhanced Raman spectroscopy (SERS) is a widely used
ibrational spectroscopic technique for potential applications in
arious fields such as environmental monitoring, chemical and
iosensing, biomedical detection, etc. [1–6]. In the recent years,
xtensive research interest has been focused towards the chem-
cal and biosensing by exploiting the localized surface plasmon
esonance (LSPR) on the surface of noble metal nanoparticles
7–10]. The photo-induced electromagnetic field enhancement in
he vicinity of metal nanoparticle due to LSPR leads to ultrasensi-
ive probing by SERS [11–13]. An ideal SERS substrate should have
i) high enhancement factor (ii) uniformity in nanoparticle distri-
ution (iii) reproducibility and reusability [14]. The sensitivity of
he SERS substrate mainly depends on the enhancement factor,
hich can be achieved by controlling the size (40–70 nm), inter-
article distance (less than 10 nm)  and choosing a laser frequency
lose to the LSPR of the substrate [15–18]. The uniformity of the
∗ Corresponding authors.
E-mail addresses: cbhas@jncasr.ac.in (C. Narayana), harish@nal.res.in
H.C. Barshilia).
ttp://dx.doi.org/10.1016/j.snb.2017.07.088
925-4005/© 2017 Elsevier B.V. All rights reserved.substrate demands orderly arranged plasmonic nanoparticles on
the substrate. The lack of uniformity leads to non-reproducible
enhancement and the maximum deviation in the enhancement
factor is preferably less than 20% for a good SERS substrate [14].
The plasmonic behavior of noble metal nanoparticles with var-
ious sizes and shapes has been widely utilized in two forms: (i)
individual and randomly oriented colloidal nanoparticle aggregates
(ii) ordered nanostructure arrays [19–21]. The colloidal nanoparti-
cles are generally dispersed in water and possess charged capping
agents around them. This makes the detection of oppositely
charged and hydrophobic proteins very difficult through SERS. In
addition, the difficulty in controlling the localized hot spots and
irreproducibility of colloidal nanoparticles have led the researchers
to move ahead with the fabrication of heterogeneous solid sensors
[22,23]. In the solid sensors, the nanoparticles are arranged or dec-
orated on a micro/nano engineered surface to achieve large area
uniform hot spot distributions. There are various techniques for
the fabrication of heterogeneous SERS sensors such as reactive ion
etching, focused ion beam lithography, E beam lithography, wet
etching, etc. [24–27]. Among these methods wet  etching is a simple,
cost effective fabrication process for achieving uniform nanostruc-
tures in large area. Gupta et al. have reported silicon micro-pyramid
based SERS sensor, fabricated by wet chemical route with enhance-
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with laser source of excitation wavelength  = 532 nm has beenP. Karadan et al. / Sensors an
ent factor 106-107 for multianalyte detection [28]. However, they
ave used Si micropyramids as a platform for growing AgNPs,
hich reduce surface area and number of hot spots in compari-
on to nanopyramids. Moreover, the non-uniform sized aperiodic
icropyramids bring down the reproducibility of the substrate.
Recently, Si nanowires/pillars decorated with metal nanopar-
icles as SERS sensors are drawing great deal of interest because
f their huge surface to volume ratio, unique light trapping prop-
rties and high compatibility with the existing silicon technology
29–31]. In the literature, Caldwell et al. have presented Au capped
i nanopillar SERS substrates fabricated using e-beam lithography
nd RIE etching [32]. The number of hotspots in this case will be
ess, since the Au is deposited only on the top of the nanopillars (not
n the sidewalls). There is a substantial light penetration inside
he nanopillars which goes untapped when no nanoparticles are
here on the sides. This substrate has shown SERS enhancements
or 633 and 785 nm lasers, but did not give any enhancement for
32 nm laser. Gartia et al. have conducted SERS experiments made
p of silver coated silica nanopillars [33]. They have fabricated the
ERS substrates using high cost laser interference lithography and
-beam evaporation. Moreover, the enhancement was shown only
n benzothiophenol analytes and 785 nm laser. In addition, the
eported enhancement factor varies from 106 to 108. The univer-
ality and the simplicity of our approach and large enhancement in
ide range is because of our preparation of our substrates. Schmidt
t al. have reported the metal deposited leaning Si nanopillars as
ERS substrates [34]. They have fabricated using e-beam evapo-
ation and reactive ion etching. Their SERS studies are limited for
85 nm wavelength laser and thiophenol. All of them have used
igh cost instrumentation for the fabrication of SERS substrates.
one of them have reported a detailed study on the biosensing
sing these SERS substrates. Moreover, in literature, most of them
ave used randomly oriented Si nanowires/pillars for fabricating
ERS sensors, which results in irreproducible SERS sensing due to
he difficulty in controlling the nanogaps (less than 10 nm)  between
he nanoparticles. Intuitively, three dimensional nanostructures,
hich contain highly ordered periodic Si nanowire/pillar arrays
ith plasmonic nanoparticles can improve the enhancement fac-
or and reproducibility to a great extent. The efficient utilization of
hese sensors in biomolecule detection can fulfill the widespread
pplications in the biomedical field. SERS based bio analysis is a
abel free technique used to identify and characterize microor-
anisms, living cells, proteins and tissues [35–37]. Siddantha et al.
ave reported the SERS from oppositely charged proteins using GaN
ased hybrid SERS substrate for biosensing. This substrate showed
elatively low enhancement factor of ∼105 and other biomolecules
uch as cells, microorganism, etc. have not been studied using this
ubstrate [38]. Very recently, Chen et al. have studied the malaria
nfected RBC using SERS using Ag nanorod substrates [39] Another
xample for SERS based biosensor is the detection of water-borne
athogens through E. coli cells by Zhou et al. [36]. The morphology
nd nature of the SERS substrate plays a vital role in determining the
ibrational modes for biomolecules. Therefore, a single (universal)
ERS substrate with high enhancement factor and reproducibility,
hich works for all types of biomolecules become indispensable.
Herein, we present a simple strategy to fabricate an ultrasen-
itive, highly reproducible and versatile SERS biosensor based on
eriodic array of Si nanopillars decorated with AgNPs (SiNPLs-
ERS) in a controlled manner. The periodic array of SiNPLs stabilizes
he distribution of AgNPs along with the light trapping proper-
ies, which result in high enhancement factor (∼108) and excellent
eproducibility with a lower detection limit of 10−13 M of R6G
olecules. The universality of this substrate was  verified by the
xperiments conducted on both positively and negatively charged
roteins, hydrophobic proteins (amyloid beta, which is responsi-ators B 254 (2018) 264–271 265
ble for alzehemiers), normal RBCs and malaria infected RBCs, E.
coli cells and fluorescent dyes. Further, the near field intensity in
the vicinity of AgNPs on the SiNPLs is demonstrated and compared
with the bare Si sensor using finite difference time domain (FDTD)
simulations.
2. Experimental details
The SiNPL arrays were fabricated using nanosphere lithography
and metal assisted chemical etching. Spin coating was  used to get
a monolayer of polystyrene nanosphere (PS) on the Si wafers. The
PS nanospeheres were self assembled in hexagonally close packed
arrangement by spin coating and O2 plasma etching has been per-
formed to separate the PS nanospheres. Gold film of thickness
8–10 nm was  coated on the top of PS nanospheres using sputtering.
The PS nanospheres were removed after gold coating by sonica-
tion using CH2Cl2. This results in the formation of nanoporous gold
template on the Si wafer. The Si wafers with nanoporous gold tem-
plate were placed in an etching solution containing HF (40%)/H2O2
(30%) and ethanol in the volume ratio 3:1:1, respectively to achieve
periodic array of SiNPLs. The SiNPL arrays were deposited with
varying thickness of Ag films using magnetron sputtering system.
As deposited samples were vacuum annealed at 400 ◦C for 5 h to
achieve the silver nanoparticles of different average diameters. The
detailed information about the fabrication of SiNPLs can be found
elsewhere [40].
The morphology studied by field emission scanning elec-
tron microscopy (FESEM, Carl Zeiss). The absorptance spectra
and plasmon modes are observed by UV–vis-NIR spectroscopy
(PerkinElmer, Lambda 950). Raman spectrometer with excitation
source 532 nm from a diode pumped frequency doubled Nd: YAG
solid state laser (PhotopSuwtech Inc., GDLM-5015L) and DILOR-
JOBIN-YVON-SPEX with excitation source 633 nm (Model Labram)
for He-Ne 20 mW laser beam was  used for SERS characteriza-
tion. LabRam HR Evolution 800, equipped with Horiba iHR 800
monochromator and a Peltier-cooled CCD was  used for 785 nm
wavelength SERS experiments. The 785 nm, NIR solid state laser
made by Horiba was used. For obtaining SERS spectra, 10 L of the
analyte solution of thiophenol and other analytes was  dropped on
the sensor and allowed to dry. SERS spectra were then collected
from three different locations and averaged.
3. Results and discussion
It has been already demonstrated in our previous publications
that the vertically aligned SiNPLs with controlled diameter, period
and uniformity can be formed using nanosphere lithography and
metal assisted chemical etching [40]. The fabricated SiNPLs have
size of 70 nm and periodicity of 100 nm.  In order to exploit the addi-
tional surface area and the three dimensional space provided by
the SiNPLs for SERS applications, AgNPs of different average sizes
are decorated on the SiNPLs. Fig. 1(a) and (b) shows the FESEM
cross-sectional and the top view images of the SiNPLs-SERS sen-
sor with 45 s silver deposition with DC power supply of 5 W.  The
optimization details of the SiNPLs-SERS sensors are given in Sup-
plementary information Fig. S1. The size distribution of the AgNPs
is shown in Fig. 1(c). The corresponding UV–vis spectrum, provided
in inset of Fig. 1(c), represents a dipole plasmon mode at 402 nm.
The SERS substrates should be excited at its LSPR peak to ensure
the effective surface enhanced Raman scattering. Since the UV–vis
absorption peak is observed at 400–500 nm,  Raman spectrometerchosen for the experiments. The enhancement factor (EF) of the
optimized SiNPLs-SERS sensor calculated using thiophenol (PhSH)
as a model analyte is shown in Fig. 1(d). The highest EF of 2.4 × 108
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tig. 1. (a) and (b) FESEM cross-sectional and top view of SiNPLs-SERS sensor (c) 
orresponding UV–vis spectrum of the SiNPLs-SERS sensor is shown in the inset. (d
rom  45 s–60 s using 532, 633 and 785 nm lasers, respectively.
s observed for SiNPLs-SERS substrates with average roughness of
iNPLs ∼629 nm for a silver deposition of 60 s and DC power supply
f 5 W.  The detailed investigation on the effect of process parame-
ers such as deposition time, surface roughness, etc. on the EF, are
resented in Supplementary Fig. S2(a) and (b). The variation of EF
ith surface roughness of SiNPLs and deposition time of silver are
hown in Fig. S3(a).
Most of the SERS substrates are not suitable for sensing
ith multi-wavelength excitation sources. The laser independence
roperty of the SiNPLs-SERS sensor has been verified by recording
he SERS spectra of 1 mM  PhSH using laser with excitation wave-
engths 633 nm and 785 nm.  The SERS spectra of PhSH using 633
nd 785 nm lasers are shown in Fig. 1(e) and (f), respectively. All
he characteristics peaks of PhSH such as 1001, 1027, 1077 and
576 cm−1 are enhanced significantly without much changes in the
F as compared with the green laser. Based on these observations it
s clear that our SiNPLs-SERS sensor can be used for different excita-
ion wavelengths, which economizes biological/chemical material,
easurement time, etc. The SERS enhancement of SiNPLs-SERS
ubstrate with 60 s silver deposition using all the three lasers is
hown in Supplementary Fig. S3(b) for comparison.
The SERS sensitivity of the SiNPLs-SERS sensor is further
nvestigated with different concentrations of the R6G solution of
−7 −13 −30 M–10 M and the spectra are shown in Fig. 2(a). A 10 M
olution of R6G was made in water. A series of dilutions were done
o make 10−6, 10−7, 10−8, etc. till 10−13 M.  A 10 L drop of each of
hese solutions was drop casted on SiNPL-SERS sensor and it wasgram for the AgNP distribution on the SiNPLs for Ag deposition time of 45 s. The
he enhancement factor for the optimized sample with varying Ag deposition time
allowed to get adsorbed and dried. An exponential relationship is
obtained for intensity calibration graph between Raman intensity
and concentrations of R6G, which is presented in Fig. 2(b). The SERS
signal is observable down to 10−13 M for R6G and 10−12 M for thio-
phenol, shown in Fig. 2(c), which indicates the very high sensitivity
of our SiNPLs-SERS sensor. The ultra sensitivity of SiNPLs-SERS sen-
sor is strongly believed to be due to electromagnetic coupling effect
of SiNPLs and AgNPs. The fundamental light coupling property of
the SiNPLs has been discussed in our recent publication [41].
The chemical stability of bare nanoparticles on the surface of
SiNPLs-SERS sensor makes it a versatile biosensor. Due to the large
molecular surface area, SiNPLs are capable of accommodating large
biomolecules, which in turn enables better enhancement. This
makes SiNPLs useful in biomolecular and disease detection. The
uncharged silver nanoparticles of the SiNPLs-SERS sensor were able
to produce SERS of both negatively (bovine serum albumin, BSA and
human serum albumin, HSA pI = 4.9) charged as well as positively
(lysozyme pI = 11.35) charged proteins, presented in Fig. 3(a–c). BSA
and HSA are structurally similar to each other and yet they can
be differentiated through their SERS spectra. Amyloid beta, a pro-
tein responsible for alzheimers disease, is hydrophobic in nature
and has an overall negative surface charge. To get the spectrum of
hydrophobic amyloid beta, the protein is dissolved in DMSO and
−6further diluted in PBS buffer. A drop of 10 M of A- beta solution
was allowed to dry on the SiNPLs-SERS sensor and the spectrum
was recorded with typical acquisition time of 120 s (Fig. 3(d)).
Generally, in nanofluidic devices, silica coated nanoparticles or
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Fig. 2. (a) The SERS spectra of R6G with varying concentration from 10−7 to −10−13 M.  (b) The intensity versus concentration calibration plot for R6G. (c) The SERS spectra of
R6G  with concentration 10−13 M (Red) and thiophenol of 10−12 M.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of  this article.)
Fig. 3. SERS spectra of (a) and (b) positively charged proteins HSA and BSA (c) negatively charged protein lyzozyme (d) Hydrophobic A- Beta protein (e) DNA (f) and (g)
healthy and malaria infected RBC (i-RBC), respectively (h) E. coli cells (i) and (j) Disc 3 and FITC dyes. (k) Schematic diagram for the interaction of cells and differently charged
proteins with the SiNPLs-SERS sensor.
268 P. Karadan et al. / Sensors and Actuators B 254 (2018) 264–271
Fig. 4. (a) Reusability of the SiNPLs-SERS sensor through heat treatment for four cycles, red and blue represent SERS spectra after dropcasting and heating up to 450 ◦C in
a ent f
f  posit
fi
n
b
t
i
i
t
p
a
S
m
c
t
(
a
l
a
c
fir,  respectively. (b) Reusability of the SiNPLs-SERS sensor through chemical treatm
or  10 min, respectively. (c) The SERS spectra of thiophenol taken from eight random
gure  legend, the reader is referred to the web  version of this article.)
anoparticles grafted to amyloid beta through extra cysteine, have
een used for obtaining SERS of amyloid beta [35]. No such func-
ionalization of substrate or capture probe for protein is required
n our case. Nucleic acids (deoxyribonucleic acid, DNA), are another
mportant class of biomolecules due to their role in multiplex detec-
ion and were also studied as depicted in Fig. 3(e). The typical
rotein concentration used for SERS of HSA, BSA, Lysozyme, DNA
nd a Beta was 10−6 M with acquisition time of 90 s. The detailed
ERS peak assignments for all the proteins are provided in Supple-
entary information.
Two different types of cells; red blood cells (RBC) and bacterial
ells (E. coli) were investigated for their surface proteins. RBCs were
aken from human blood and then washed in PBS. A 10 L drop
25,000 RBC per L) was cast over the sample and was left to dry in
ir for an hour. The Raman spectra of RBC were recorded in 532 nm
aser with an accumulation time of 90 s. The SERS spectra of RBC
re assigned to lipids, carbohydrates and proteins present on its
ell membrane. These surface proteins can be used as biomarkers
or disease detection as they are altered by pathogens, diseases andor four cycles, red and blue indicates SERS spectra after dropcasting and HCl wash
ions of the SiNPLs-SERS sensor. (For interpretation of the references to color in this
medication. SiNPLs-SERS sensor could be used in malaria detection
as it can differentiate between healthy and infected RBCs based
upon surface biomarkers and receptors [39]. Fig. 3(f) represents
SERS spectrum of healthy RBC (# represents 2nd order Si peak) with
dominant peaks at 1130, 1170, 1305, 1375, 1589 and 1645 cm−1.
There is an overall increase in intensity in the SERS spectrum of
schizont stage of malaria infected RBC(i-RBC) along with the addi-
tional peaks at 730, 970, 1080 and 1431 cm−1 as shown in Fig. 3(g).
The peaks marked by “*” show changes in the relative intensities
and/or are new peaks of schizont stage of malaria. SERS of E. coli,
a Gram negative bacterium, was also done to show the utility of
SiNPLs-SERS sensor in bacterial detection, presented in Fig. 3(h).
SiNPLs-SERS sensor was also used for detecting fluorescent dye
molecules like Fluorescein isothiocyanate (FITC) and DiSC3(5) (3,3′-
Dipropylthiadicarbocyanine Iodide), as shown in Fig. 3(i) and (j),
respectively. These fluorogenic probe dyes are used in bio-imaging
of membranes. Schematic diagram for the interaction of cells and
differently charged proteins with the SiNPLs-SERS sensor is shown
in Fig. 3(k).
P. Karadan et al. / Sensors and Actuators B 254 (2018) 264–271 269
F e sim
b n for b
h
F
a
o
r
t
u
r
a
s
i
c
b
h
h
p
s
r
t
a
t
s
s
s
i
i
tig. 5. (a) The schematic representation of the FDTD simulation. (b) Top view of th
are  Si sensor, respectively. (e) Histogram shows the near field intensity distributio
In order to check the reusability of the SiNPLs-SERS sensor, we
ave recorded the SERS spectra of PhSH at 450 ◦C as shown in
ig. 4(a). The observable SERS peaks of PhSH have not been observed
t 450 ◦C. This indicates the complete evaporation of PhSH with-
ut affecting the SiNPLs-SERS sensor. Moreover, the SERS intensity
emains almost unaffected after cyclic heating. The reusability of
he substrate has been also investigated under chemical treatment
sing R6G as an analyte. The substrates were immersed in HCl after
ecording the spectra of 1 M R6G. The SERS spectra of R6G before
nd after HCl immersion are shown in Fig. 4(b). A slight inten-
ity variation is observed in the cyclic chemical treatment. This
s ascribed to the leaching and displacement of AgNPs during the
hemical immersion. The cyclic SERS measurements ensure the sta-
ility and reusability of the SiNPLs-SERS sensor under chemical and
eat treatments. In order to check the shelf time of the AgNPs, we
ave performed the SERS experiments after 6 months of sample
reparation. It could be seen that the sample still shows the SERS
ignal even after 6 months, but the intensity was less. We have
ecorded the SERS spectra after treating with HCl and the SERS spec-
rum showed an improved intensity for thiophenol and the results
re presented in Supplementary Fig. S3(c). These results indicate
hat the SiNPLs-SERS substrate is reusable even after 6 months with
imple HCl treatment.
The reproducibility of the substrates was verified by recording
pectra of PhSH with concentration 1 mM from eight randomly
elected regions of SiNPLs-SERS sensor as shown in Fig. 4(c). The
ntensity and unique characteristics of PhSH is well maintained
n all the spectra. The relative standard deviation (RSD) is used
o reassert the reproducibility of the SiNPLs-SERS sensor. The RSDulation region (c) and (d) Plasmonic hotspot distribution for the SiNPLs-SERS and
are and SiNPLs-SERS sensor.
values for the peaks at 1003, 1027, 1077 and 1576 cm−1 are 0.086,
0.076, 0.054, 0.068, respectively. It could be seen that the RSD val-
ues of all the characteristic peaks stay less than 0.08. The negligibly
small RSD values indicate the homogeneity and the excellent repro-
ducibly of the SiNPLs-SERS substrates. The reproducibility spectra
of the other sets of samples (SiNPLs of roughness 355 nm and 1 m)
were also checked and the corresponding results are shown in Sup-
plementary Fig. S4(a) and (b).
The decoration of AgNPs on the SiNPLs leads to a very interest-
ing plasmonic behavior due to the coupling and guiding of light
through the AgNPs as well as the SiNPLs. To get a deeper insight
to the plasmonic behavior of the SiNPLs-SERS sensor, we have per-
formed 3D FDTD. The schematic model for the FDTD simulation and
the top view of the simulation region are shown in Fig. 5(a) and (b),
respectively. Based on the observations from FESEM, the SiNPLs of
size 80 nm,  height 1 m,  periodicity 100 nm and AgNPs of average
size 50 nm are modeled in the simulation. Fig. 5(c) represents the
FDTD near field intensity plots (represents hot spot distributions)
for the SiNPLs-SERS sensor. The plasmonic hot-spot distribution
of bare Si sensor (bare Si coated with AgNPs) is also shown in
Fig. 5(d) for comparison. The near field intensity |E|2 was calcu-
lated based on the number of occurrences in the simulation area
for the SiNPLs-SERS sensor and bare Si sensor, as shown in Fig. 5(e).
The number of occurrences for SiNPLs-SERS sensor is much higher
than the bare Si sensor, which accounts for the very high enhance-
ment of SiNPLs-SERS sensor. The simulation results shows that the
additional surface area provided by the SiNPLs leads to increase in
the number density of AgNPs as compared to bare Si sensor, leading
to tremendous increase in hot spots and thus EF.
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. Conclusion
In summary, a simple and reliable method is presented for
eveloping highly efficient SERS biosensors based on periodic array
f SiNPLs decorated with AgNPs. High quality, well ordered arrays
f SiNPLs were fabricated by PS nanosphere lithography and metal
ssisted chemical etching. The uniformity in the arrangement of
iNPLs has led to a homogeneous distribution of AgNPs, which
esulted in high enhancement factor and excellent reproducibility.
he SiNPL-SERS sensor exhibited a maximum enhancement factor
f 2.4 × 108 and sensitivity up to 10−13 M for R6G. Moreover, the
ntensity showed an exponential relationship with the concentra-
ion of R6G from 10−7 to 10−13 M.  The positively and negatively
harged proteins such as BSA, HSA and lyzozyme could be differen-
iated through the SERS spectra recorded using uncharged AgNPs
n the SiNPLs. The hydrophobic amyloid beta proteins responsi-
le for alzheimers disease were detected using SiNPLs-SERS sensor.
he detection of E. coli bacterial cells, healthy and malaria infected
BC using SiNPLs-SERS makes our substrate more versatile than
he other SERS substrates. Finally, the tremendous increase in the
otspot distribution of our substrate was described and compared
ith the bare Si sensor using FDTD simulation.
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